Efficient generation, maintaining, manipulation and detection of electron spin polarization and coherence at room-temperature (RT) in semiconductors is a prerequisite for the success of future semiconductor spintronics and quantum information technologies. [1][2][3][4] [5] Potential spintronic devices are expected to be based on fundamental building blocks such as spin filters (or spin injectors or spin aligners), spin amplifiers and spin detectors. During the past decade spin filters and spin detectors have been a main focal point of intense research efforts in the field of semiconductor spintronics that have led to many innovative approaches and encouraging developments. [1][2][3][4] [5] In sharp contrast, experimental developments in spin amplifiers have so far been extremely limited. This is despite of the facts that many theoretical proposals for a wide variety of model spin amplifiers have been suggested during the past decade, ranging from spin amplifiers using spin injection pillar [6, 7] or a dual-drain nonlocal lateral spin valve [8] or non-magnetic semiconductors, [9] unipolar spin transistors, [10] Submitted to 2 magnetic dipolar transistors, [11, 12] spin gain transistors, [13] and optically controlled spin transistors. [14] As most of the proposed models require the involvement of a spin-functional diluted magnetic semiconductors (DMS), a lack of true DMS that can provide spin-polarized carriers at RT has so far prevented experimental realization of these proposed spin amplifiers.
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To our knowledge, the highest temperature at which a spin amplifier has so far been experimentally demonstrated to function is 150 K using a dual-drain nonlocal lateral spin valve based on an ferromagnetic metal-semiconductor hybrid structure. [8] Here we propose and demonstrate a new concept of a defect-enabled spin amplifier based on a non-magnetic semiconductor (Figure 1a) . We shall show that a large spin gain (up to 2700 %) can be obtained at RT by employing Ga(In)NAs. This spin amplification functionality is facilitated by the spin-dependent recombination processes via defects, [15] [16] [17] which was also recently explored for spin filtering. [15, 18] Spin amplification in the proposed spin amplifier is self-triggered by incoming conduction electrons with a finite spin polarization regardless of how weak and which direction the spin polarization is. Therefore, the sign of the spin polarization of the outgoing electrons from such a spin amplifier exactly follows that of the incoming electrons. Such spin amplification is generally efficient because even very weak spin polarization of incoming conduction electrons can dynamically polarize the spins of the defect electrons to a much greater degree, thanks to a much longer spin lifetime of the defect electrons commonly known in semiconductors. The spin-polarized defects can then in turn selectively capture and deplete conduction electrons with an opposite spin orientation (i.e. minority spin) governed by the Pauli exclusion principle, leading to greatly enhanced spin polarization of the conduction electrons. It should be pointed out that such spin amplification, or in other words amplification of magnetization, does not involve magnetism and no magnetic layers are required in this approach. Since there is no need to initialize and maintain the electron spin polarization of the defects by an external source other than the input spin signal itself, the proposed spin amplifier is also expected to impose fewer technical restrictions in practical implementation in devices.
To demonstrate the effectiveness of the proposed spin amplification functionality, we employ an all-optical experimental method. Here, incoming conduction electrons of non-zero spin polarization are introduced by optical orientation [19] under circularly polarized photoexcitation above the bandgap of Ga(In)NAs. Spin polarization degree (P e ) of the conduction electrons is measured by circular polarization degree (P o ) of the band-to-band (BB) optical transitions, following their well-known correlation in semiconductors. The principle of the spin amplification should also apply in case of electrical spin injection and detection. Due to a general lack of reliable electrical spin detection at RT, however, we have chosen the optical method so that the effect of the spin amplification will not be obscured by complications arising from unknown and complex effects of poor electrical spin detection.
In Figure 1b we display a typical photoluminescence (PL) spectrum obtained at RT from a GaInNAs layer. The PL band arises from the BB optical transitions from the conduction band (CB) to the valence band (VB) consisting of heavy-hole (hh) and light-hole (lh) state. The hh and lh states are degenerate in the studied GaInNAs as it is lattice matched to the GaAs substrate, whereas in the studied GaNAs epilayers and GaNAs/GaAs multiple quantum wells (MQW) the degeneracy is lifted due to an in-plane tensile strain field. The measured P e in the strain-free GaInNAs epilayer is also shown in Figure 1b , deduced from P e = -2P o following the optical selection rules. Spin polarization of the CB electrons as high as >40% can be obtained in this material thanks to the spin amplification, significantly higher than merely a few percents commonly observed in non-magnetic semiconductors limited by fast spin relaxation of CB electrons.
To confirm that the observed strong P e is indeed a result of the defect-enabled spin amplification, we have also studied P e in a reference sample of GaAs without the spinamplifying defects. Only 1% P e was observed in such reference sample, see the black open containing no spin-amplifying defects, which only exhibits the broad background as shown in Figure 1c by the black open diamond symbols. It is thus compelling from our experimental results that the defect-induced spin amplification is responsible for the observed strong P e at zero field in the GaInNAs sample.
Strictly speaking, a Hanle curve from a system with two coupled spin species like the CB and defect electron spins in the studied GaInNAs alloy cannot be simply deconvoluted . The obtained SA factor for the studied GaInNAs alloy is up to 27 (or 47) by using the first method (or the second method), which amplifies the CB electron spin polarization from merely 1.75% (or 1%) to >40 % at RT ! It should be pointed out that the actual initial spin polarization degree of CB electrons generated by optical orientation is only i e P ≈1.75% in the GaInNAs sample and i e P ≈1% in the GaAs reference sample, which is remarkably lower than the theoretical value of i e P = 50% expected from the optical selection rule. This finding provides strong evidence for significant electron spin loss during optical excitation at high energy/momentum and subsequent energy/momentum relaxation from the excitation to emission photon energy, commonly seen in semiconductors. [20] This finding further emphasizes the need for spin amplification, as spinpolarized carriers may often encounter energy relaxation during transport, e.g. in an applied electric field or across a hetero-interface. 

. Our results demonstrate that the spin amplification effect is universal in these dilute nitride alloys regardless of strain field (strained GaNAs vs strainfree GaInNAs lattice-matched to GaAs) or structures (epilayers vs MQWs). The observed strong dependence of the SA factor on excitation power reflects the corresponding dependence of the spin polarization degree of the defect electrons and thus the effectiveness of these defects in spin amplification. The observed difference in the SA factor among the studied samples is, on the other hand, mainly due to differences in the concentration of the spin-amplifying defects and also in the degree of initial CB electron spin polarization The input spin signal without spin amplification is shown by the red dots in Figure 3a obtained at zero field from the GaAs reference sample, or by the black dots in Figure 3b measured from P e at 2000 G in GaInNAs that should be very close to the value of shown by the blue dots in Figure 3b , from which a reduction of the SA factor to about half of the maximum value can be estimated. Once again, the true form of the input spin signal is maintained after the spin amplification. Though an application of an external magnetic field is not a requirement for the spin amplification, it does offer an option for field control of the SA factor -another attractive feature of the proposed spin amplifier.
The response time, or the highest operation frequency, is an important quality factor of a spin amplifier, just as that for a current amplifier in conventional charge-based electronics.
Unfortunately we were not able to experimentally determine the cut-off frequency of our spin amplifier as it is beyond the instrumental limitation of the fastest optical-polarization modulators and detectors commercially available in the concerned near infrared spectral range. Applications of such spin amplifiers could thus potentially allow more tolerance for imperfect spin injector/detectors and also provide an alternative and viable solution to the current and important issue on RT spin injection and detection in semiconductors.
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Coupled rate equation analysis
To properly analyze the observed Hanle curves from the studied Ga(In)NAs samples, we have employed coupled rate equations simultaneously describing the CB electron spin ( S  ) and the defect electron spin ( C S  ) as follows: [1, 2] . ,
Here G is the generation rate of electron (n) -hole (p) pair. =1 from earlier studies. [3, 4] The same parameters were used in the simulations shown in Figure 3 . Gauss was applied in the Hanle experiments, with the field axis perpendicular to the growth direction of the alloys. All measurements were carried out at RT.
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